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ABSTRACT
We present astrometric monitoring of the young exoplanet HD 95086 b obtained with the Gemini
Planet Imager between 2013 and 2016. A small but significant position angle change is detected at
constant separation; the orbital motion is confirmed with literature measurements. Efficient Monte
Carlo techniques place preliminary constraints on the orbital parameters of HD 95086 b. With 68 %
confidence, a semimajor axis of 61.7+20.7−8.4 au and an inclination of 153.
◦0+9.7−13.5 are favored, with ec-
centricity less than 0.21. Under the assumption of a co-planar planet-disk system, the periastron of
HD 95086 b is beyond 51 au with 68 % confidence. Therefore HD 95086 b cannot carve the entire
gap inferred from the measured infrared excess in the SED of HD 95086. We use our sensitivity to
additional planets to discuss specific scenarios presented in the literature to explain the geometry of
the debris belts. We suggest that either two planets on moderately eccentric orbits or three to four
planets with inhomogeneous masses and orbital properties are possible. The sensitivity to additional
planetary companions within the observations presented in this study can be used to help further
constrain future dynamical simulations of the planet-disk system.
Keywords: planetary system - planet-disk interactions - astrometry - stars: individual (HD 95086)
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1. INTRODUCTION
Unlike for the majority of extrasolar planets detected
through indirect techniques, the orbital periods of plan-
ets detected through direct imaging range from decades
(e.g., Lafrenie`re et al. 2009; Chauvin et al. 2012) to thou-
sands of years (e.g., Bailey et al. 2014; Naud et al. 2014).
So far, only five directly imaged systems have had the or-
bital parameters of their planets constrained (e.g., Beust
et al. 2014; Millar-Blanchaer et al. 2015; De Rosa et al.
2015; Sallum et al. 2015; Zurlo et al. 2016). In the case
of β Pictoris, the astrometric measurements cover almost
half of a complete orbit, while for the others the astro-
metric measurements only cover a small fraction of the
total orbit. Orbital constraints derived from small astro-
metric arcs can still be valuable. In the case of Fomal-
haut, revealing the high eccentricity of planet b (Kalas
et al. 2013; Beust et al. 2014) led to the need for addi-
tional planet(s) to explain the dynamical history of the
system (Faramaz et al. 2015). Dynamical simulations of
the HR 8799 system might set upper limits on the masses
of the four planets, above which the system would be dy-
namically unstable at the age of the star (e.g., Fabrycky
& Murray-Clay 2010; Goz´dziewski & Migaszewski 2014).
Orbital configuration of planetary systems can also of-
fer insight into the interactions between planets and cir-
cumstellar material. In the case of HR 8799, a three com-
ponent debris disk is required to model its spectral energy
distribution (SED) and resolved images with a dust-free
gap (Su et al. 2009; Matthews et al. 2013). The semima-
jor axis of the four planets are both consistent with the
location and geometry of this gap, evidence suggesting
that the imaged planets are responsible for gravitation-
ally sculpting the disk. This dust distribution is analo-
gous to that seen in the HD 95086 system. HD 95086
(1.7 M, 17± 4 Myr, 90.4± 3.4 pc) has a large infrared
excess (Rizzuto et al. 2011; Chen et al. 2012) modelled
by either two or three component disk (Moo´r et al. 2013;
Su et al. 2015), and marginally resolved with Herschel
(Moo´r et al. 2013). At a projected separation of 56 AU,
intermediate to the two populations of dust, a planetary
companion, HD 95086 b, with a model-dependant mass
of 4.4 ± 0.8 MJup (De Rosa et al. 2016), was discovered
by direct imaging (Rameau et al. 2013b).
HD 95086 b was imaged during the commissioning of
the Gemini Planet Imager (GPI; Macintosh et al. 2014)
in late 2013 (Galicher et al. 2014). In this letter, we
present astrometric measurements of HD 95086 b ob-
tained with GPI at Gemini South Observatory, Chile, be-
tween 2014 and 2016, in which significant orbital motion
is measured. By combining our new astrometric mea-
surements and a reanalysis of those presented in Galicher
et al. (2014), with previous measurements from Rameau
et al. (2013a), we present the first constraints on the or-
bital parameters of HD 95086 b and discuss implications
of the system architecture and properties of any addi-
tional planet.
2. OBSERVATIONS AND DATA REDUCTION
Observations of HD 95086 b were made with GPI at
four different epochs between December 2013 and March
2016 with either the H (1.5–1.8 µm) or K1 (1.9–2.2 µm)
filters (program IDs GS-ENG-GPI-COM, GS-2015A-Q-
501, GS-2015B-Q-500, and GS-2016A-Q-12). HD 95086
Figure 1. (Left:) Zoom-in images on HD 95086 b obtained with
GPI at the first and last epochs. The magenta crosses show the
measured positions (for clarity, the size of the symbol is not rep-
resentative of the precision). Significant orbital motion is de-
tected within the GPI data. (Right:) Deepest image obtained on
HD 95086 with GPI at K1 on 2015 April 08.
was also observed on 2014 March 24 and 26 (program
ID GS-ENG-GPI-COM) but the image quality was not
sufficient to detect the planet. The observing sequences
consisted of an observation of an argon arc-lamp to cali-
brate the offset between the position of the microspectra
at the target elevation and at zenith caused by instru-
ment flexure (Wolff et al. 2014), followed by between 30
and 100 minutes of on-source integration, centered at
meridian passage to maximize the field rotation for an-
gular differential imaging (Marois et al. 2006). A log of
the observations is given in Table 1.
The GPI observations on 2013 December were first
published by Galicher et al. (2014) but were reprocessed
in this work for a uniform set of measurements, owing to
an improvement of the spot registration and astromet-
ric calibration.The raw GPI images were reduced with
the Data Reduction Pipeline (DRP, v1.3.023) to produce
(x, y, λ) calibrated datacubes. The DRP was also used to
measure the satellite spot positions for precise image reg-
istration (Wang et al. 2014). The reduced images were
filtered with an unsharp mask (15×15 pixels), the speck-
les were then subtracted using LOCI (Lafrenie`re et al.
2007), with dr = 5 pixels, NA = 300 times the full-width-
at-half-maximum (FWHM), g = 1, and Nδ = 0.75 or
1 FWHM depending on the amount of field rotation. The
residual images were finally rotated so that north was
aligned with the vertical axis, combined with a trimmed
mean (10 %), and collapsed to build a broadband final
image.
The astrometry of HD 95086 b was extracted at all
epochs following Marois et al. (2010); Lagrange et al.
(2010). A model point spread function (PSF) was built
from the spots and injected into the data at an ini-
tial position. The amoeba-simplex optimization method
(Nelder & Mead 1965) was used to iterate over the po-
sition and flux to minimize the residuals in a wedge of
∆r ×∆θ = 2× 2 FWHM. Errors were calculated by in-
jecting fake planets at the same separations but twenty
positions angles uniformly distributed between 90◦ and
270◦ away from planet b and repeating the same exer-
23 http://docs.planetimager.org/pipeline/
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Table 1
Observations and Orbital Parameters of HD 95086 b
UT Date Instrument/ Tint Field Plate Scale Position Angle ρ θ Ref.
Filter (min) Rot. (deg) (mas px−1) Offset (deg) (mas) (deg)
2012 Jan 12 NaCo/L ′ 52.0 24.5 27.1± 0.06 0.38± 0.02 624± 8 151.8± 0.8 (1)
2013 Mar 14 NaCo/L ′ 54.0 31.4 27.1± 0.04 0.45± 0.09 626± 13 150.7± 1.3 (1)
2013 Jun 27 NaCo/L ′ 151.7 29.3 27.1± 0.2 0.48± 0.1 600± 11 150.9± 1.2 (1)
2013 Dec 10 GPI/K1 33.4 11.7 14.166± 0.007 −0.1± 0.13 619± 5 150.9± 0.5 (2)a
2013 Dec 11 GPI/H 41.6 15.0 14.166± 0.007 −0.1± 0.13 618± 11 150.3± 1.1 (2)a
2014 May 13 GPI/K1 34.0 16.9 14.166± 0.007 −0.1± 0.13 618± 8 150.2± 0.7 (2)
2015 Apr 06 GPI/K1 41.7 37.7 14.166± 0.007 −0.1± 0.13 622± 7 148.8± 0.6 (2)
2015 Apr 08 GPI/K1 99.4 39.0 14.166± 0.007 −0.1± 0.13 622± 4 149.0± 0.4 (2)
2016 Feb 29 GPI/H 38.0 16.9 14.166± 0.007 −0.1± 0.13 621± 5 147.8± 0.5 (2)
2016 Mar 06 GPI/H 78.0 47.6 14.166± 0.007 −0.1± 0.13 620± 5 147.2± 0.5 (2)
Parameter Unit Lmax Median 68 % CI 95 % CI i prior
Semimajor axis (a) au 50.5 61.7 53.3–82.4 44.8–137 cos(i)
49.3 59.7 52.7–72.0 44.5–105.5 155± 5◦
Eccentricity (e) - 0.019 0.135 <0.205 <0.443 cos(i)
0.168 0.124 <0.187 <0.397 155± 5◦
Inclination (i) deg 146.0 153.0 139.5–162.7 126.1–174.7 cos(i)
149.2 155.7 150.9-160.6 146.2–165.5 155± 5◦
Argument of periastron (ω) deg 39.7 92.5 27.3–153.7 3.73–176.2 cos(i)
99.2 92.6 28.1–153.0 3.92-176.1 155± 5◦
Position angle of nodes (Ω) deg 329.7 83.8 38.2–146.7 5.48–174.7 cos(i)
2.5 89.8 32.4–149.4 4.76-175.3 155± 5◦
Epoch of periastron (T0) - 2172.37 2155.16 2040.26-2367.95 2005.35-2809.37 cos(i)
2202.44 2151.83 2038.27–2337.07 2005.12-2580.66 155± 5◦
Period (P ) year 257.1 370.9 296.8–572.6 227.9-1230.9 cos(i)
260.0 352.8 291.2–469.2 225.5–834.1 155± 5◦
a These data were published in Galicher et al. (2014) but re-analyzed in this work.
References. (1) Rameau et al. (2013a); (2) This work
cise. Final uncertainties on the relative companion po-
sition were computed by adding quadratically the errors
from the measurements, the spot registration, and the
plate scale and position angle offset (orientation of North
with respect to the vertical axis). For the GPI measure-
ments we used the same astrometric solution as described
in De Rosa et al. (2015) to convert the image position
(x, y) into an on-sky separation and position angle. The
results of this analysis are presented in Table 1. Mea-
surements from the literature were also compiled in this
study (Rameau et al. 2013b,a). They were obtained with
VLT/NaCo at L ′ (3.5–4.1 µm) at three different epochs
between January 2012 and June 2013.
3. CONSTRAINTS ON THE ORBIT OF HD 95086 B
The astrometry of HD 95086 b given in Table 1 showed
a roughly constant separation and a decreasing position
angle with time, consistent with face-on, circular orbital
motion (see Figures 1 and 2). The orbital motion was
still clear within the GPI data sets which covered more
than two years. As in De Rosa et al. (2015) we fitted the
orbit using a rejection sampling technique that is more
computationally efficient than traditional Markov chain
Monte Carlo (MCMC) techniques at generating poste-
rior parameter distribution for short orbital arcs. Briefly,
this technique sampled the posterior probability density
function of orbital parameters by generating orbits from
prior distributions, scaling the semimajor axis and rotat-
ing the position angle of nodes to fit one of the observa-
tional epochs, rotating through each epoch. Final orbits
were rejected or accepted by comparing the probability
(P ∝ e−χ2/2) of the remaining astrometric epochs to a
uniform random variable. This method, introduced in
Blunt et al. (2016), will be described more in depth in
Blunt et al. (2016, in preparation). To fit HD 95086 b we
used priors that are uniform in log a, cos i, ω, Ω, and T0,
and a linearly decreasing prior in e fit to radial velocity
planets (Nielsen et al. 2008). Based on the inclination
of the outer disk of i = 25 ± 5◦ (without knowledge of
the rotation direction both 25◦ and 180− 25 = 155◦ are
possible) (Moo´r et al. 2013; Su et al. 2015), we also ran
a fit to the astrometry with a restricted prior on the
inclination. A pair of Gaussians centered on i = 25◦
(counter-clockwise motion) and 180 − 25 = 155◦ (clock-
wise motion), both with σ = 5◦, was used as the prior
on the inclination.
Figure 3 plots the posterior distributions of the or-
bital parameters of HD 95086 b. Overall the posteriors
distributions correspond to face-on, circular orbits. Ta-
ble 1 gives, for the two inclination priors, the most likely
(Lmax), median, and 68% and 95% confidence intervals
(CI) for each orbital parameter. For the inclination-
restricted fit, the posterior distributions are not signif-
icantly changed, although the median of the inclination
distribution was shifted to slightly higher values due to
the shape of the prior. Our finding of a low eccentricity
was relatively independent of our choice of the prior on
either the inclination and eccentricity, currently e < 0.44
at 95 % confidence using the linear prior in e, but switch-
ing to a uniform prior still resulted in e < 0.56 at 95 %
confidence. Fitting the data points without the outlier
from 2013 June 27 did not affect our conclusions about
the semimajor axis, eccentricity, and inclination of the
orbits.
We confirmed the reliability of the rejection sampling
fits with the same Metropolis-Hastings MCMC orbit fit-
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Figure 2. (Left:) Schematic diagram of the HD 95086 system in the sky plane. The astrometric measurements of HD 95086 b are plotted
(black circles - NaCo L ′, red triangles - GPI K1, blue squares - GPI H), as well as a hundred representative orbital fits randomly drawn
from the rejection sampling analysis using the inclination-restricted (i = 155± 5◦) prior. The inner and outer dust rings are indicated as
the gray shaded regions, based on the average values from Su et al. (2015). For both dust rings, an inclination of i = 155◦ and a position
angle of 110◦ were assumed (Su et al. 2015). For clarity, the astrometric measurements are also shown within an inset. (Right:) The
separation (top right) and position angle (bottom right) of HD 95086 b measured between 2013 and 2016. Symbols and lines are as in the
left panel.
ting used in Nielsen et al. (2014), using the same priors
on parameters as above. As in De Rosa et al. (2015) we
found excellent agreement between the two methods, as
shown in the diagonal elements of Figure 3.
In addition to these Monte Carlo techniques, the
method for constraining orbital parameters over short
orbital arcs presented in Pearce et al. (2015) was applied
to the astrometry of HD 95086 b. The angle between the
projected separation and velocity vectors was calculated
as ϕ = 96.7+9.4−9.2 deg, and a value of the dimensionless
parameter B of 0.52+0.20−0.16. Comparing these to the mini-
mum inclination and eccentricity contours of Pearce et al.
(2015), the orbital parameters of HD 95086 b can only be
constrained to e ≥ 0.15+0.31−0.15, and i ≤ 59.1+9.6−13.8 deg (cor-
responding to i ≥ 120.9+13.8−9.6 deg). In each case, uncer-
tainties on the measured positional offset of HD 95086 b
were propagated in a Monte Carlo fashion. While these
limits are consistent with the values in Table 1, they are
significantly less constraining.
4. CONSTRAINTS ON ADDITIONAL PLANETS
The point source sensitivity of the GPI data was esti-
mated by measuring the noise in concentric annuli in the
residual LOCI images. The throughput was computed
by injecting fake planets in the raw data that were re-
duced with the same coefficients as the science images.
The most sensitive GPI observations were obtained on
2015 April 8 at K1 band (see Figure 1), and the deepest
NaCo L ′ detection limit was taken from Rameau et al.
(2013a). The planet-to-star contrast was converted into
predicted mass with the AMES-COND (Baraffe et al.
2003) model. An optimized version of the Monte Carlo
based MESS tool (Bonavita et al. 2012) was used to gen-
erated random on-sky positions of planets in order to
compute detection probabilities over a separation range
of 1–1000 au, with a 2 au step size, and a planet mass
range of 0.5–20 MJup, with a 0.5 MJup step size. The dis-
tributions of the orbital parameters were the same as for
the orbit fitting. For each point in the mass–semimajor
axis grid, ten thousand orbits were randomly generated,
and the fraction of planets which would have been de-
tected in either the GPI or NaCo observations was used
as the completeness at that point. The final complete-
ness map built is shown in Figure 4 (left).
The architecture of the HD 95086 system can now be
constrained based on the first estimates of the orbital pa-
rameters of planet b and on the detection limits reached
with the current ensemble of observations. Su et al.
(2015) suggested that the belts that produce the dust
properties inferred from the SED and the Herschel im-
ages are separated by a dust-free gap from ∼8 to ∼80 au.
They proposed four non-exhaustive scenarios to explain
the large size of the gap. While there are currently large
uncertainties in the exact location of the dust rings, and
a large number of alternative multiple planet configura-
tions which may explain the disk gap, the current obser-
vational constraints can be used to explore the four spe-
cific scenarios presented in Su et al. (2015). By assuming
a system in which the disk and planet(s) are co-planar,
the orbital parameters of HD 95086 b, and the associated
completeness for additional companion (Figure 4, right
panel), allows us to:
• rule out scenario A in which the planet b would be
responsible for clearing the entire gap with an ec-
centricity of ∼0.7. Based on the orbit fit presented
in Table 1, an eccentricity of e > 0.40 for planet b
can be excluded at the 95% confidence level, and
therefore planet b is unlikely to alone account for
Architecture of the HD 95086 planetary system 5
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Figure 3. Posterior distributions (black histograms) of the orbital parameters of HD 95086 b as fit by our rejection sampling technique,
assuming a uniform prior in cos i. Off-diagonal elements give the covariance between orbital elements, with red, blue, and green contours
showing where 68 %, 95 %, and 99.7 % of the orbits are contained, respectively. Also plotted in the on-diagonal elements are an MCMC
fit to the same data with the same priors (gray shaded histogram) and the results from a similar fit using the rejection sampling technique
but with the inclination-restricted (i = 155± 5◦) prior (thin purple histogram).
the gap. Moreover, Su et al. (2015) argued that the
outer disk might have e < 0.25. This morphology
is consistent with the probable orbit of the planet.
• neither validate nor eliminate scenario B in which
planet b resides on a moderately eccentric orbit
(∼0.3), within the allowed range of orbital param-
eters presented in Table 1, and with a semimajor
axis of ∼40 au, at the edge of the 95% confidence
interval. Another inner planet with moderate ec-
centricity at ∼16 au is required but is out of reach
of our observations. Other configurations proposed
by Su et al. (2015) with a more massive inner planet
on a higher eccentric orbit and planet b with re-
duced eccentricity are unconstrained by our obser-
vations.
• reconsider scenario C in which two additional
7 MJup planets are needed at ∼12 and ∼26 au with
low eccentricities. An eccentricity of ∼0.1 and a
semimajor axis of ∼56 au for planet b as suggested
by this model are permitted by the orbital fitting.
6 Rameau J. et al.
Figure 4. Completeness maps built from the 5 σ detection limits of NaCo at L ′ taken in 2012 and of GPI at K1 in 2015. Luminosity to
mass conversion was done from the AMES-COND model for an age of 17 Myr (Baraffe et al. 2003). Contours specify the 25, 50, 70, and
90% detection probabilities. (Left:) Case of the prior uniform in cos(i). (Right:) Case of the inclination-restricted prior (i = 155 ± 5◦)
with e < 0.7. The average location of the inner and outer disks from Su et al. (2015) are indicated with the vertical dashed-dotted lines.
The planet properties in the scenarios of Su et al. (2015) are shown with different symbols. The planets in the scenarios C and D orbit
with e < 0.1 and e = 0 respectively. Therefore, they would have been more easily detected (by 10–20 %) compared to that is shown in this
plot, which includes higher eccentricities. In both panels, HD 95086 b is plotted with a blue circle, based on the 68% confidence interval
on the semimajor axis from the inclination-restricted orbital fit given in Table 1.
However, the second planet in this scenario at 26 au
with a mass of 7 MJup and e < 0.3 would have been
detected in our observations. A conservative 75%
threshold was reached at this separation at 4 MJup,
or at 25 au with the expected mass, thus very close
to the predicted properties of the second planet.
The inner planet remained undetectable.
• rule out scenario D in which three equal mass
(5 MJup) planets on circular orbits at ∼11, ∼19,
and ∼34 au populate the gap in addition to planet
b. The third 5 MJup planet would have been de-
tected at 100% confidence at the predicted position
with a null eccentricity.
Therefore, in the context of a ∼8–80 au gap with copla-
nar planets with masses derived from the AMES-COND
models, the scenario with two planets (B) cannot be
ruled out, whereas the scenario with three 7 MJup plan-
ets (C) is inconsistent with our observations, instead the
second planet would require a higher eccentricity with
either a lower mass, or smaller semimajor axis in order
to be consistent with our observational constraints. The
tempting four equal-mass (5 MJup) planet scenario (D),
analogous to the HR 8799 system, was rejected based on
the non-detection of the third planet. All the scenario
might however still be accepted if the predicted masses
are wrong by a factor of a few, assuming other evolu-
tionary models (e.g. Spiegel & Burrows 2012; Marleau &
Cumming 2014).
As noted previously, the architecture of the debris belts
was inferred from the SED and marginally resolved image
data of the system and provided dynamical constraints
on the location of planets. However, the geometry of a
debris disk based solely on SED modelling can be wrong
by a factor of a few (Booth et al. 2013; Morales et al.
2013; Pawellek et al. 2014). Grain properties and dust
position are degenerate. Resolved images of the different
disk components are necessary to break this degeneracy
(e.g., Lebreton et al. 2012). This behavior was men-
tioned in Su et al. (2015) in which the warm and cold
belts might be located between 7 and 8 au, and between
60 and 125 au respectively. The outer edge of the in-
ner belt might also be poorly determined if the emission
is dominated by its innermost region, artificially making
a more extended inner disk into a narrow and closer-in
ring. These uncertainties affect the predicted semima-
jor axes, eccentricities, and masses of the planets in the
aforementioned scenarios. Even if a conservative 75%
detection threshold was applied to assess the different
hypotheses, a change by a factor of a few in mass or semi-
major axis might result in a drastic change in detection
probability at the predicted properties of the planets.
5. CONCLUDING REMARKS
We have presented four epochs of astrometric measure-
ments of the young giant planet HD 95086 b with the
Gemini Planet Imager. We were able to detect signifi-
cant change in the position angle of the planet between
the end of 2013 and early 2016 whereas the separation re-
mained similar. By using Monte Carlo methods to sam-
ple probable orbits, we placed the first constraints on the
orbital parameters of HD 95086 b. The semimajor axis
distribution peaks near its median value of 61.7 au while
the eccentricity and inclination were limited to e < 0.21
and i = 153.◦0+9.7−13.5 respectively at 68 % confidence.
We also discussed the system architecture in the con-
text of a coplanar planet(s)-debris disk configuration.
Based on the preliminary constraints on the orbit of
planet b, and on the detection probabilities, we tested
the scenarios from Su et al. (2015) to explain the sus-
tainability of the ∼8–80 au dust-free gap inferred from
SED fitting and resolved sub-mm imaging. Of the four
scenarios, only the two planet scenario (B) cannot be ex-
cluded based on the observational constraints presented
here. The upper limit on the eccentricity of planet b
confidently ruled out a single planet scenario (A), and
the GPI sensitivity excluded the three and four equal-
mass planet scenarios (C and D) by a non-detection of
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the second and third planet on low eccentricity orbits at
26 and 34 au, respectively. The four scenarios presented
in Su et al. (2015) are not exhaustive, and modifications
to masses and orbits of additional companions are still
possible to sustain the gap, while also being dynamically
stable for 17 Myr.
Due to the degeneracy between the properties of ad-
ditional planets, extensive exploration of the parameter
space is necessary to further assess the architecture of the
system beyond the analytical statements made above.
Such an analysis will also require the precise geometry
of the debris. Resolved images of the outer disk with
ALMA, or by polarimetry with GPI or SPHERE (Beuzit
et al. 2008), combined to the detection of the inner disk
by interferometry will not only constrain the locations
of the inner and outer edges of the gap, but also the
eccentricities of the warm and cold belts.
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